Shh contributes to neural circuit formation with different mechanisms. In this issue, Peng and colleagues (2018) identify a novel trans-axonal mechanism by which Shh derived from contralateral projecting retinal ganglion cells prevents midline crossing of Boc-expressing ipsilateral axons at the optic chiasm.
Sonic Hedgehog (Shh) is a multifunction signaling molecule critical for many processes of embryonic development and adult tissue homeostasis. Shh was first classified as a morphogen acting in neural tube patterning, but additional functions as a mitotic and differentiation factor were later recognized. Shh activates a complex and highly controlled signaling pathway that ultimately leads to regulation of gene transcription. The first evidence that Shh could affect growth cone extension was therefore an unexpected finding that suggested additional local and more rapid mechanisms of signal transduction. Indeed, it was proposed that Shh derived from the borders of the optic chiasm could repel chick retinal ganglion cells (RGCs) to funnel their growth to the contralateral side of the brain by controlling local cAMP levels (Trousse et al., 2001) . Subsequent studies showed that Shh acts as a chemoattractant for spinal cord commissural axons in their trajectory toward the floor plate before midline crossing and as a chemorepellent upon crossing to force their rostral growth along the ventrolateral tract (Yam and Charron, 2013) .
Notably, RGCs themselves express Shh, which has different functions: promoting the proliferation of retinal progenitors, the differentiation of abutting RGCs and optic nerve astrocytes, and the growth of RGC axons along their initial pathway (Sá nchez-Camacho and Bovolenta, 2008) . The two latter functions imply that Shh is transported along the axons, which was demonstrated by the recovery of radioactive-labeled Shh in the superior colliculus (Traiffort et al., 2001 ).
The mammalian retina contains two types of RGCs according to their projections: those projecting ipsilaterally (iRGC) and contralaterally (cRGC). As an interesting twist, in mice Shh is expressed only in cRGCs, but not in iRGCs, whereas Boc, one of the Shh-binding proteins, is specifically expressed in iRGCs, but not cRGCs (Sá nchez-Camacho and Bovolenta, 2008) . Ectopic expression of Boc in cRGCs leads to a partial increase of ipsilateral axons (Fabre et al., 2010) , suggesting that Boc-mediated Shh signaling might be involved in imposing ipsilateral identity to nascent RGCs (Sá nchez-Arrones et al., 2013) or in guiding the extension of Boc-expressing iRGCs into the ipsilateral tract (Fabre et al., 2010) .
To further investigate the latter possibility, the laboratory of Fré dé ric Charron adds novel data to the still puzzling functions of Shh signaling in axon guidance (Peng et al., 2018) . With new tools, they confirm that in mice Shh is transported along cRGC axons and further show that Shh is secreted at high levels at the optic chiasm. Peng and colleagues propose that, upon binding to Boc on iRGCs, Shh activates Smo-mediated signaling, which is sufficient to repel trans-axonally ipsilateral axons. While Shh mRNA is not expressed at the embryonic ventral diencephalon, the authors found that Shh protein is abundantly localized in this area (Figure 1 ). In utero electroporation of an Shh-YFP fusion construct in the retina showed that Shh in the chiasm originates in cRGCs. Peng and colleagues reasoned that to trans-axonally influence iRGC axons, Shh must be secreted from the cRGC axons.
They thus electroporated in the retina a fusion construct between Shh and a pHsensitive GFP variant that fluoresces only at neutral extracellular pH. Fluorescence detection along the primary optic pathway demonstrated a preferential, but not exclusive, exocytosis at the chiasm when the majority of iRGC axons reach this region but many cRGC growth cones have already passed by (Figure 1) .
Direct in vitro observation of growth cone behavior showed that iRGC axons are repelled by cRGCs, but only if the iRGCs express Boc, suggesting that the corresponding protein is essential to mediate repulsion. The application of an Smo antagonist also abolished the repulsive response, further pointing to the Shh pathway as the molecular mediator of ipsilateral axon repulsion. Accordingly, in vivo fewer ipsilateral axons avoid the midline in embryos in which the levels of Shh at the chiasm were reduced either by unilateral eye enucleation or unilateral retinal electroporation of an Shh short hairpin RNA (shRNA). This defect is localized to the optic chiasm, as iRGC axons behave normally while they grow along the optic nerve.
All in all, Peng and colleagues show that a remotely produced protein can act as a guidance cue after axonal transport and biased secretion at a particular choice point, revealing a novel trans-axonal mechanism of axon guidance in the murine visual system. Still, several intriguing questions need to be explored to fully understand this mechanism. For instance, how is the preferential accumulation of Shh at the optic chiasm achieved? Why do iRGC axons respond to Shh only at the chiasm? The authors suggest several possibilities to explain these peculiarities, including that the repulsive effect needs a specific high Shh threshold, achieved only at the chiasm because of the convergence of cRGC axons from both eyes. This possibility is, however, in contrast with the repulsive response observed in vitro, where local Shh concentration is likely much lower than at the chiasm. In vitro results also make it unlikely that the chiasm milieu can be responsible for Shh accumulation, as this environment is not reproduced in vitro. A more plausible explanation for this puzzle may involve axon defasciculation and slower growth that normally occurs at the chiasm. Both events may favor Shh secretion/dispersion otherwise restrained by the tight axon fasciculation existing in the optic nerve. Defasciculation may at the same time expose larger areas of the ipsilateral growth cones to the morphogen, making it more prone to respond. These ideas could be tested in vitro where axon fasciculation can be experimentally modulated.
An additional puzzling aspect is the mechanism of Shh exocytosis. Several lines of evidence indicate that factors transported along the axons are mostly released at the axon distal end (e.g., BDNF or Wnt ligands). The authors imply that cRGC axons release Shh largely at the chiasm after crossing this region. Thus, Shh exocytosis seems to occur in more proximal axonal regions. Finding how this unusual release occurs is a critical future challenge. Alternatives, compatible with the present results, include Shh transport in exo-vesicles as proposed for Drosophila hedgehog (Gradilla et al., 2014) or shedding from the plasma membrane by metalloprotease activity (Ohlig et al., 2011) .
Additional unanswered questions relate to the precise role of Boc and Smo. Both proteins have been shown to interact independently with the Shh receptor Ptch, but Ptch activity in iRGC growth cones is still unexplored, raising the question of how Shh information is transduced. On a related note, it will also be interesting to compare Boc and Smo function in iRGC axons and neural tube commissural axons, as these proteins mediate an Shhattractive response in commissural axons (Yam and Charron, 2013) . What underlies the divergent response in these two types of neurons?
Shh/Boc signaling has also been implicated in iRGC specification, and Boc mouse mutants have a reduced number of iRGCs (Sá nchez-Arrones et al., 2013) . The results of Peng et al. (2018) (Peng et al., 2018; Williams et al., 2003) . Given the importance of Shh signaling in CNS development and function, the present findings call for searching if trans-axonal Shh has a role in the formation of circuits other than that of the visual system. In addition, it raises the question of whether other morphogens implicated in axon guidance, such as Wnts, Bmps, or Fgfs, may act with a similar mechanism or if this mechanism is relevant to the function of the mature brain. Indeed, Shh is involved in the maintenance of the nigrostriatal circuit and conditional Shh ablation in mouse dopaminergic neurons leads to features resembling Parkinson disease (Gonzalez-Reyes et al., 2012) . Thus, further insights into how Shh remote transport and secretion occur will be valuable to understand not only neural development, but also certain brain pathologies. Contralateral RGCs (green) secrete Shh (blue) as they navigate through the optic nerve, chiasm, and tract during visual system development, leaving an accumulation of Shh at the optic chiasm midline in particular. Ipsilateral RGCs (magenta) express the Shh receptor Boc (dark blue), which mediates a repulsive interaction between ipsilateral axons and secreted Shh at the chiasm. The diagram also depicts Ephrin-B2 expressing radial glia (yellow) that repel ipsilateral RGCs via EphB1 (orange).
